Glucose uptake by heart, skeletal muscle, and adipose tissue is acutely regulated by insulin, which stimulates facilitative glucose transport, at least in part, by promoting the translocation of transporters from an intracellular pool to the plasma membrane. cDNAs encoding the major human insulin-responsive glucose transporter have been isolated and indicate that the insulin-responsive glucose transporter expressed by heart, skeletal muscle, and adipose tissue is a 509-amino acid protein having 65.3, 54.3, and 57.5% identity with the erythrocyte/HepG2, liver, and fetal muscle glucose transporters, respectively. The gene encoding the insulin-responsive glucose transporter (designated GLUT4) was mapped to the p11 -> p13 region of the short arm of human chromosome 17 by analyzing its segregation in a panel of reduced humanmouse somatic cell hybrids. In situ hybridization to prometaphase chromosomes indicated that GLUT4 was in band p13. A common two-allele restrictionfragment-length polymorphism (RFLP) was identified with Kpn I, and linkage of this RFLP to other polymorphic DNA markers in this region of chromosome 17 provides a set of probes that will be useful for examining the role of this gene in the pathogenesis of diabetes mellitus. Diabetes 38:1072-75, 1989
I nsulin-responsive tissues, such as skeletal muscle, adipocytes, and heart, express a unique insulin-regulatable facilitative glucose transporter that translocates from an intracellular location to the plasma membrane in response to insulin binding to the insulin receptor (1) (2) (3) (4) (5) . Non-insulin-dependent diabetes mellitus (NIDDM) is often associated with decreased rates of basal and insulin-stimulated glucose transport by peripheral tissues (6) , and it is possible that the insulin-responsive glucose transporter could contribute to the impaired tissue response to insulin as a consequence of abnormal regulation or the synthesis of a variant form of the protein. We have recently isolated and characterized cDNA clones for the human insulinresponsive glucose transporter (5) . We report the chromosomal localization of the human insulin-responsive glucosetransporter gene (GLUT4) and describe a restrictionfragment-length polymorphism (RFLP) that is linked to other chromosome 17 markers.
RESEARCH DESIGN AND METHODS
GLUT4 cDNA probe. phJHT-3 (vector pBR327) has a 1.7-kilobase pair (kbp) EcoRI insert (5) . This cDNA fragment includes 145 bp of 5' untranslated region, 1326 bp encoding amino acids 1-442 of the protein (the protein is 509 residues), and 267 bp from an intron that interrupts the proteincoding sequence after the codon for amino acid 442; this cDNA was derived from an incompletely spliced transcript. Gene mapping. The chromosomal location of GLUT4 was determined by hybridization of 32 P-labeled phJHT-3 to Southern blots of BamHI-digested DNA from 34 different reduced human-mouse somatic hybrid cell lines as described previously (7). The regional localization was determined by hybridization of the probe to cell hybrids having translocations of human chromosome 17 and by in situ hybridization of 3 Hlabeled phJHT-3 to normal human prometaphase lymphocyte chromosomes (7 Linkage of GLUT4 with other chromosome 17 markers. The families used for linkage analysis consisted of 40 threegeneration pedigrees with large sibships (avg size 7.6) made available through the Centre d'Etude du Polymorphisme Humain (Paris). Linkage analysis was performed with the log of odds (lod) score method of Morton (8) and the LINKAGE programs MLINK and ILINK (version 4.7; 9,10) as described previously (11, 12) . Sixty chromosome 17 markers were tested for linkage to GLUT4 (12) . Sex-specific differences in recombination fractions were not evaluated.
RESULTS
The chromosomal assignment of GLUT4 was determined by correlating the presence of this gene with that of a specific human chromosome in a panel of human-mouse somatic cell hybrids having different numbers and combinations of human chromosomes. The GLUT4 probe phJHT-3 hybridized to a single SamHI fragment of 9.1 kbp that was readily distinguished from the cross-hybridizing mouse gene fragments of 11.0, 5.3, and 4.1 kbp (Fig. 1) . The 9.1-kbp humanspecific DNA fragment was only present in those cell lines that retained human chromosome 17 ( Fig. 1 translocation chromosome containing the p13-» qter region of chromosome 17 but not to DNA from a cell line with a 17/ 9 translocation chromosome containing the p11 -» qter region of chromosome 17 (data not shown), which indicated that GLUT4 was in the p13 -»• p11 region of the short arm of chromosome 17 (Fig. 2) .
The assignment of GLUT4 to chromosome 17 was confirmed and a more precise regional localization determined by hybridization of phJHT-3 to normal prometaphase chromosomes. The distribution of silver grains over chromosome 17 indicated that GLUT4 was in band p13 (Fig. 2) . No other chromosomes displayed any hybridization above background.
Hybridization of phJHT-3 to a panel of Southern blots prepared with 21 different restriction endonucleases and DNA from 7 unrelated individuals revealed a common two-allele RFLP with Kpn I (Fig. 3) . The probe hybridized to Kpn I fragments of 6.5 kbp (allele 1) or 5.8 kbp (allele 2). Typing of 91 unrelated individuals for this RFLP indicated a minor allele (allele 1) with a frequency of 0.37. Codominant mendelian inheritance of this RFLP was observed in 40 threegeneration families.
In pairwise linkage analyses with 60 chromosome 17 markers in the data base at the Howard Hughes Medical Institute, University of Utah (Salt Lake City, UT), there was significant linkage of GLUT4 with five loci (Table 2) . No recombinants were observed between GLUT4 and D17S1, indicating that Scores were tabulated by presence or absence of human DNA fragments in different somatic cell hybrids. Concordant hybrids have either retained or lost the gene together with a specific chromosome. Discordant hybrids either retained the gene but not a specific chromosome or the reverse. Percentage of discordancy indicates the degree of discordant segregation for the marker and a chromosome. A 0% discordancy is the basis for chromosome assignment. The recombination fraction with the highest log of odds (lod) score (Z max ) between GLUT4 and 6 chromosome 17 markers is indicated. Lod score of 3.0 represents odds of 1000:1 in favor of linkage at a given 8 and is considered to be evidence for linkage. Recombination fraction of 0.01 is approximately equivalent to 1 x 10 6 base pairs of DNA. The order of these chromosome 17 markers has been previously described (12) and is telomere-D17S34-D17S30-D17S28-D17S31 -(D17S1, GLl/7"4)-MYH2-centromere. *Score obtained in the pairwise comparison of GLUT4 and MYH2 is not significant; however, because MYH2 has been demonstrated to be linked to D17S1 and other chromosome 17 markers, analysis of additional meioses would be expected to increase the lod score.
these two loci are quite close together. Because of their proximity to GLUT4, the loci D17S1 and D17S31 will also be useful in genetic studies of GLUT4.
DISCUSSION
Recent studies indicate that facilitative glucose uptake by mammalian cells is mediated by a family of structurally related integral membrane proteins that have tissue-specific patterns of expression (4,5,13-17; Table 3 ). These proteins are structurally unrelated to the sodium-glucose cotransporter, which is responsible for the uptake of glucose from the lumen of the small intestine and the reabsorption of glucose in the proximal tubules of the kidney (18) ; the gene for this protein is on chromosome 22 (19) . The chromosomal localization of genes encoding four human facilitative transporters have been determined (7,15,16; herein) , and all are on different chromosomes (Table 3 ). In addition to the RFLP described herein at the GLUT4 locus, RFLPs have also been identified for GLUT1, the erythrocyte/HepG2 glucose-transporter gene on chromosome 1 (7, 20) . A preliminary report suggested that genetic variation at the GLUT1 locus might contribute to the development of NIDDM (21); however, this result is controversial (22, 23) . Other studies indicate that GLUT1 is not responsible for the diabetic phenotype in a large pedigree of maturity-onset diabetes of the young-the R.W. family (24) . We have also examined the segregation of GLUT4 in this pedigree; unfortunately, the Kpn I RFLP is not informative, and we are testing other chromosome 17 markers. Of the glucose-transporter genes that have been described, those encoding the transporters expressed in the insulin-producing (3-cell {GLUT2 gene) and skeletal muscle and adipose tissue (GLUT4 gene) seem the most likely candidates for contributing to diabetes susceptibility either by impairing the function of the p-cell (GLUT2 product) or contributing to postreceptor insulin resistance (GLUT4 product). The RFLP at the GLUT4 locus, together with linked RFLPs described herein, will allow us to examine the contribution of GLUT4 to the development of diabetes and its complications. We are also searching for RFLPs at the GLUT2 and GLUT3 loci that will allow us to study the genetic contribution of these glucose-transporter genes to the development of glucose intolerance. 17p13 Kpn\
RFLPs, restriction-fragment-length polymorphisms.
